We described the colonization dynamics of Staphylococcus aureus in a group of 266 healthy carriers over a period of approximately 1 year. We used precise genotyping methods, i.e., amplified fragment length polymorphism (AFLP), spa typing, and double-locus sequence typing (DLST), to detect changes in strain identity. Strain change took place rather rarely: out of 89 carriers who had initially been colonized, only 7 acquired a strain different from the original one. Approximately one-third of the carriers eliminated the colonization, and a similar number became newly colonized. Some of these events probably represent detection failure rather than genuine colonization loss or acquisition. Lower bacterial counts were associated with increased probability of eliminating the colonization. We have confirmed a high mutation rate in the spa locus: 6 out of 53 strains underwent mutation in the spa locus. There was no overall change in S. aureus genotype composition.
Staphylococcus aureus is an important human pathogen responsible for both nosocomial and community-acquired infections, but it also asymptomatically colonizes a large fraction of humans (20 to 60%). Although most carriers never experience health problems related to colonization, it is estimated that 80% of infections with S. aureus are endogenous, i.e., caused by the colonizing strain (19, 20) . Understanding of the interplay between nasal carriage and infection with S. aureus is far from complete. For example, it is not known whether prior nasal carriage of S. aureus (methicillin-susceptible S. aureus [MSSA] ) might prevent hospital-acquired colonization and subsequent infection with methicillin-resistant S. aureus (MRSA).
Particularly little is known about persistence and transmission. Many studies have described temporal patterns of carriage, but only a handful explicitly monitored the temporal changes in strain identity (17, 18) . Persistence and transmissibility should be the main determinants of long-term fitness of S. aureus. Low transmission of S. aureus in comparison with other staphylococcal human colonizers such as S. epidermidis has been suggested to play a major role in its evolutionary increase in virulence (9) . Moreover, the differences in transmissibility can have implications for human health care. For example, MRSA with superb transmission abilities might be much more problematic than virulent MRSA with low transmission.
Explicit studies of transmission of S. aureus are difficult for logistic reasons, but those which have been carried out have brought interesting insights. For example, Peacock et al. (11) have found that for healthy newborn babies the primary source of S. aureus is the mother. Documenting the persistence of a bacterial strain in a human host requires longitudinal sampling and precise genotyping of bacterial strains.
Here we have documented the colonization dynamics of healthy adult carriers with S. aureus strains. We have also explored host and bacterial characteristics responsible for differences in persistence. In addition, we have monitored microevolutionary changes in the spa and clfB genes, which are used for genotyping.
MATERIALS AND METHODS
Sample collection. The first sampling was described in detail previously (12) . Ethical clearance was sought and obtained from the Ethical Committee of the University of Lausanne. Briefly, nasal swabs were collected from 405 newly employed hospital personnel during their first medical checkup at a tertiary care hospital in Lausanne, Switzerland, over a period of 9 months. The second sampling was conducted after 6 to 15 months. All available participants were swabbed again using the same methods. From each participant, one nasal swab was obtained (Amies agar transport swabs; Copan). Each swab was vigorously rubbed in 1 ml Tris-EDTA (TE) buffer, and then the dilutions were quantitatively plated on a SAID (bioMérieux) specific chromogenic plate. After 24 to 48 h of incubation at 37°C, green colonies were counted and isolated for further use. To detect colonization with even a very low number of bacteria, the swab was transferred to 5 ml of Bacto m staphylococcus broth (Difco) and incubated overnight at 37°C. The enrichment broth was than plated on a SAID plate and incubated overnight at 37°C. Eight isolates per participant were collected from directly inoculated plates, as well as another isolate from the plate inoculated with enrichment broth. To screen for MRSA, the enrichment broth was plated on MRSASelect (Bio-Rad) selective chromogenic agar. A PCR screen for an internal fragment of the mecA gene was performed as described previously (12) .
Genotyping. DNA was extracted from 600-l to 1-ml overnight cultures grown in brain heart infusion broth as described previously (2) . Amplified fragment length polymorphism (AFLP) was performed as described previously (12) . AFLP electropherograms were analyzed with the help of GeneMapper software (Applied Biosystems). At the first sampling, the enrichment isolate and eight direct isolates were genotyped. At the second sampling, the enrichment isolate and one direct isolate were also genotyped. If the genotypes of the isolates from the second sampling were not identical to those of the isolates from the first sampling, all available direct isolates of a participant were genotyped by AFLP to maximize the chance of finding multiple genotypes. Neighbor-joining trees based on Nei and Li distances were constructed using Phylip (4). Multilocus sequence typing (MLST) analysis was performed as previously described (3) on selected isolates. Sequence types (STs) were identified by consulting the S. aureus MLST database (http://www.mlst.net/). Double-locus sequence typing (DLST) was performed as described previously (8) . Briefly, highly polymorphic fragments of the spa and clfB genes were amplified and sequenced. Similarly to the MLST scheme, each unique sequence is given a consecutive number, and a combination of the two numbers uniquely identifies the DLST genotype. The repeat region of the spa gene was amplified as previously described (6, 14) . The spa types were assigned with the online spa database (http://www.spaserver.ridom.de/). Initially, spa and clfB sequencing was performed on all isolates which appeared to be distinct after AFLP genotyping. If a different allele was detected in the isolates from the first and second samplings from the same carrier, the sequencing was also done on an additional isolate from the same carrier. All statistical analyses were done with the R package (http://www.R-project.org; Foundation for Statistical Computing).
RESULTS
Colonization dynamics. Carriage patterns in the first sampling round were described in detail previously (12) . The median time between the two samplings was 281 days (range, 141 to 463 days). In the second sampling round, 267 of the original 405 volunteers (66%) could be resampled, among whom 89 were carriers at the first sampling. The carriage rates were very similar at the two sampling occasions, i.e., 32% at the first sampling and 34% at the second sampling. The participants who were not resampled did not differ in any characteristics that we recorded from those who were resampled (data not shown; for the list of characteristics, see reference 12). In 27 (30%) of the volunteers who were previously carriers, S. aureus was not detected in the second sampling round. Thirty previous noncarriers became colonized ( Table 1) .
The time between the two samplings did not affect the change in colonization status (Kruskal-Wallis chi-square test ϭ 1.96; df ϭ 2 [not significant]). In addition, for several participants we tested characteristics which might affect retention, loss, or new acquisition of S. aureus: none proved to be significant (Kruskal-Wallis rank sum test) ( Table 2) .
Strain replacement (i.e., the strain found on the second sampling occasion was entirely different from the strain found on the first sampling occasion) took place in only 5 out of 62 participants who were colonized at both sampling occasions ( Table 3 ).
The number of CFU was significantly higher in the second sampling (Kruskal-Wallis chi-square ϭ 7.1; df ϭ 1 [P Ͻ 0.01]). The strains which persisted in colonization had higher CFU than those which were no longer detectable at the second sampling (Kruskal-Wallis chi-square ϭ 7.6; df ϭ 1 [P Ͻ 0.01]), but there was no difference between the strains which persisted and those which were newly found on the second sampling occasion (Kruskal-Wallis chi-square ϭ 0.30; df ϭ 1 [not significant]) (Fig. 1) . The genotype composition of S. aureus remained essentially unchanged. AFLP analysis unambiguously assigned all isolates except two to the clusters which were shown earlier to strictly correspond to MLST clonal complexes (12) . The two isolates which did not cluster to previously identified groups were genotyped by MLST. They were STs 188 and 1021 (Fig. 2) .
Microevolution: spa and clfB loci. There were 53 participants whose strains were identical by AFLP on the two sampling occasions (Table 3) . Among these carriers, in seven cases a mutation in either the clfB or spa locus was detected (Table 4) . In five cases (10%), this resulted in a change in spa type. Most mutations (six) were deletions, and one was point mutation.
DISCUSSION
A large number of studies have examined longitudinal carriage of Staphylococcus aureus (reviewed in reference 18), but only a handful employed genotyping methods precise enough to monitor the change in bacterial strain identity and sample sizes large enough to draw more general conclusions. Our data show that strain replacement among adult carriers of S. aureus occurred quite infrequently, and after approximately 9 months, only 7 out of 89 carriers acquired a strain different from the original one. These results confirm the conclusions of earlier, smaller studies, although direct comparison is difficult, primarily because these earlier studies included only individuals who were carriers. Nevertheless, the overall picture is similar. In the first study (16) , one-third (11/31) of the carriers had the same strain after approximately 19 months. In the second study (18) , 18% of the carriers (3/17) still harbored the same strain after 8 years.
Rare strain replacement and infrequent cocolonization of one human host with multiple strains (12) imply that one strain is usually able to completely monopolize its host, probably by competitive exclusion (1, 13) . Interference due to agr types, as has been proposed by Massey et al. (9), cannot explain our results; if this were important, we would have observed cocolonization and replacement with different strains belonging to the same agr types (9). It is possible that the only chance for other strains to take over arises when the abundance of the resident strain drops. Data from an artificial human inoculation study (10) clearly showed that carriers come into contact with new S. aureus strains quite frequently. This suggests that low effective transmission rates in S. aureus are due to interference rather than to a simple lack of transfer opportunity. Massey et al. (9) proposed that lower transmission of S. aureus (compared to other human-colonizing staphylococci such as S. epidermidis) was the main evolutionary factor behind an evolutionary increase in S. aureus virulence. Among-strain interference is a likely cause of low effective transmission rates of S. aureus and thus potentially the ultimate reason for the evolutionary increase of its virulence. The link between interference and evolutionary increase of virulence needs to be elucidated. Removal of a resident strain can open the way to colonization by a different (alien) strain. This might be highly relevant for hospitalized patients, who are often receiving antimicrobial drugs and at the same time are at increased risk of encountering strains more resistant than their resident strain (i.e., MRSA). Moreover, comparison of our data with those of Wertheim et al. (20) suggests that hospitalized patients exchange strains much more frequently than healthy individuals. The role of increased instability of nasal carriage in the hospital environment and its role in nosocomial acquisition of MRSA should be further investigated.
The mechanism of competitive exclusion among S. aureus strains is not known, but two artificial human inoculation studies (10, 17) strongly suggest the role of a human host factor. After a round of decolonization and artificial recolonization with a mixture of strains, the former carriers tended to become recolonized with their resident strain, in particular those who had been repeatedly found to be colonized before (persistent carriers). This suggests that a match between a bacterial strain and human host is needed, but so far the characteristics of host and bacteria which play a role are unknown. This is supported by results of Sakwinska et al. (12) , who did not find any evidence that host characteristics such as hospitalization, antibiotic exposure, age, gender, etc., were associated with any particular genotype of S. aureus. Here, we found no evidence that participants' characteristics affected the loss or acquisition of colonization status, but the number of individuals was limited, possibly precluding finding any differences.
The change in colonization status was quite frequent, with 30% (27/89) of the previous carriers having eliminated the colonization with S. aureus in approximately 9 months and similar number of noncarriers becoming colonized. Given the rare occurrence of strain replacement, it is likely that a significant proportion of the noncolonization represents detection failure due to a decrease of CFU below the detection limit or, possibly, a change in physiological niche preventing detection.
We have observed no changes in the genotype composition of carried S. aureus strains in a time span of 9 months. Such changes have been documented in S. aureus (5, 15) , but the interval was longer. Moreover, the most pronounced change was due to a swift expansion of one strain, USA300. The question whether the success of newly arising strains such as USA300 is due to their ability to colonize previously uncolo- We have found similar mutation rates in the spa locus as reported in earlier studies (7, 8) , with a molecular clock of 91 months (six mutational changes in 544 months). On the other hand, only one mutation in the clfB locus was found, which might indicate its higher stability. Laboratories which use these loci for genotyping should be aware of this mutation rate. The potential functional impact of mutations in these loci remains obscure.
To elucidate the role of nasal carriage of S. aureus in infection, it is necessary to understand the colonization dynamics of healthy people. This study provides such a reference point. Individual bacterial strains persisted for a long time in the carriers, but mutations in evolutionarily labile loci occurred very often. Lower bacterial counts were associated with increased probability of eliminating the colonization.
